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Microchannel  process  technology  (MPT)  components  are  chemical  unit  operations 
which exploit highly-parallel arrays of microchannels to process large fluid volumes 
for  portable  and  distributed  applications.  Microchannel  heat  exchangers  (MCHXs) 
have demonstrated 3 to 5 times higher heat fluxes when compared to conventional 
heat exchangers resulting in proportionate reductions in size and weight. The most 
common  fabrication  approach  for  producing  MPT  components  is  microchannel 
lamination, or microlamination, in which thin layers of metal or polymer are patterned 
with  microchannel  features,  registered,  and  bonded  to  produce  monolithic 
components. Currently, the most common microlamination architecture involves the 
photochemical  machining  and  diffusion  bonding  of  metal  foils.  Prior  work  has 
established that the yields in diffusion bonding often drive the costs of MCHXs.  Laser 
keyhole welding has been proposed as an alternative bonding technology providing 
the potential for faster cycle times, smaller weld widths and layer-to-layer evaluation 
of hermeticity leading to higher yields. Furthermore, laser weldments have small heat-
affected zones providing excellent mechanical strength.  In this study, efforts are made 
to evaluate the feasibility of using laser welding in the microlamination of a high-
temperature counter-flow heat exchanger made of a Ni superalloy.  Preliminary efforts 
were focused on the development and validation of weld strength estimation models.  These models were then used to narrow down the range of process parameters and a 
final  set  of  process  parameters  was  determined  through  the  use  of  a  full  factorial 
experiment with weld strength, joining efficiency and weld gap as response variables.  
The  most  acceptable  parameter  set  was  used  to  demonstrate  the  fabrication  of  a 
Haynes  214  microchannel  array  with  adequate  bond  strength  and  hermeticity  and 
minimal thermal warpage.   
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1.  Introduction  
  Microchannel process technology (MPT) components are chemical unit operations 
(heat  exchangers,  reactors,  separators,  etc.)  which  exploit  highly-parallel  arrays  of 
microchannels to process large fluid volumes for portable and distributed applications.  
The shorter diffusional distances in microchannels provide enhanced heat and mass 
transfer which combine with the high surface area-to-volume ratios in microchannel 
arrays  to  radically  reduce the size and weight  of  components.  Microchannel  heat 
exchangers  (MCHXs)  have  demonstrated  3  to  5  times  higher  heat  fluxes  when 
compared  to  conventional  heat  exchangers[1].  The  increased  pressure  drop  due  to 
smaller  channel  diameters  is  compensated  for  by  shorter  channel  lengths.    Other 
advantages of MPT include better process control, reaction selectivity and safety[2].  
Examples  of  MPT  applications  include  electronics  cooling,  portable  power  packs, 
advanced climate control, solvent separation, microcombustion, fuel processing, high-
temperature catalysis, fluid compression, and microchannel hemodialysis[2-4].   
  The  most  common  fabrication  approach  for  producing  MPT  components  is 
microchannel lamination, or microlamination, in which thin layers of metal or polymer 
are  patterned  with  microchannel  features,  registered,  and  bonded  to  produce 
monolithic components[3].  An example of a microlamination approach for producing 
a single-fluid, 2 x 4 microchannel array is shown in Figure 1. This type of array could 
be used as a heat sink in a thermal management application such as for electronics 
cooling. The most common microlamination architecture involves the photochemical 
machining and diffusion bonding of stainless steel laminae. 2 
 
 
 
Figure 1: Microlamination scheme and typical fabrication process steps for a single-fluid, 2 x 4 
microchannel array. The arrows show the direction of flow[3]. 
  For  two-fluid  heat  exchanger  applications,  counter-flow  geometries  typically 
provide more uniform temperature distribution along the length of the device leading 
to  better  heat  transfer  and  smaller  component  sizes  when  compared  to  cross-flow 
geometries [5]. In these types of two-fluid geometries, the channel header width is 
typically constrained due to insufficient diffusion bonding pressure between laminae 
adjacent to the channel header during bonding leading to leakage between the two 
fluid streams [5].  Paul et al. [5] investigated the required bonding conditions and the 
limits  of  the  channel  header  width  to  fin  thickness  aspect  ratio  for  the  diffusion 
bonding of stainless steel laminae. Experiments demonstrated that for a given set of 
bonding  conditions,  a  maximum  fin  width-to-thickness  aspect  ratio  in  the  channel 
header  was  required  to  permit  hermeticity.  Other  issues  with  the  use  of  diffusion 
bonding in microlamination architectures include creep, channel deflection, and poor 
bond hermeticity[6-8]. Prior work has established that the yields in diffusion bonding 
often drive the costs of MCHXs [9].     
  Laser welding has been demonstrated as an alternative bonding technology within 
microlamination architectures [10]. In manufacturing, the potential advantages of laser 
welding over diffusion bonding include the layer-to-layer evaluation of hermeticity 
Bonding Shim Stack
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leading to higher yields, fast cycle times and smaller weld widths and heat affected 
zones providing excellent mechanical strength. The present research investigates the 
development and validation of a weld strength model for broadening the application of 
laser  keyhole  welding  to  the  microchannel  lamination  of  other  materials.  The 
implications of hermeticity and channel integrity requirements are discussed in the 
context  of  process  parameter  selection  guided  by  application  of  the  model  to  the 
fabrication  of  a  high-temperature,  counter-flow  microchannel  array  made  from  Ni 
superalloy foils. Below, a review of laser welding is provided including prior work in 
the laser welding of metal foils.   
2.  Background 
  The key process requirements exist for the application of laser keyhole welding to 
microchannel lamination architectures.  First, weld joints must be hermetically sealed.  
Second, weld joints must be strong enough to resist operating pressures within the 
device. Third, the welding process must not thermally warp or otherwise distort the 
delicate microchannel fins leading to flow malidistribution across the microchannel 
array. 
2.1. Laser keyhole welding 
  There are two welding modes in laser welding: conduction and keyhole welding 
[11]. The welding mode is determined by a combination of laser parameters, including 
laser power, spot size, scanning velocity, etc. Conduction welding involves welding at 
relatively  low  power  densities  without  evaporating  the  metal  surface.  The  power 
absorption at the surface of the weldment in conduction welding is based on Fresnel 
absorption [12]. At higher energy densities, the surface of the weldment evaporates 
forming a metal vapor pocket, or keyhole, which follows the axis of the beam and is 
surrounded  by  molten  metal  during  welding.  Figure  2  is  a  schematic  of  the  two 4 
 
 
different welding modes in the laser welding of a lap joint cross-sectioned transverse 
to the weld path at the axis of the beam.   
 
Figure 2: Schematic diagram showing two different welding modes (conduction and keyhole) in the 
laser welding of a lap joint cross-sectioned transverse to the weld path at the axis of the beam. 
  Keyhole welds are capable of producing much higher aspect ratio (depth to width) 
welds than conduction welding. The weld depth-to-width ratio in keyhole welding is 
larger than unity and much higher aspect ratios are attainable [13]. This is due to better 
laser absorption in keyhole welding. In keyhole welding, the keyhole acts as a black 
body with absorptions up to 98% compared to the absorption on a shiny metal surface 
of around 5% [14]. This increase in absorption is attributed to multiple reflections of 
the beam inside the keyhole [15]. The keyhole forms when the pressure of the metal 
vapor inside the keyhole overcomes the surface tension and hydrostatic pressure of the 
molten metal in the weld pool [16, 17]. Because of the improved absorption, scanning 
velocities can be increased leading to narrower weld nuggets and heat affected zones.   
Laser beam
Molten metal 
pool
HAZ
Conduction mode
Molten metal 
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2.2. Joining efficiency 
  In laser welding, the energy input per unit length is defined as the ratio of laser 
power (J/s) to the laser scanning velocity (mm/s):  
( / )
E PE t EI J mm
L VL
t
  
                       
(1) 
  where EI is the input energy per unit length, P is the laser power, V is the scanning 
velocity, t is action time, E is the energy provided, and L is weld length. As seen in 
equation 1, the energy input for a given weld depth can be minimized by either using 
lower laser powers or working at higher scanning velocities.  
 
  The term joining efficiency is defined to distinguish welds by the utilized energy 
per unit weld depth for a certain process [14]. It is calculated by the ratio of weld 
depth to the energy input:   
w D
JE
EI

                      
(2) 
where JE is the joining efficiency and  Dw is the weld depth.  Combining equations 
1 and 2, we have: 
2 ( / )
w ww
L D D V D L t JE mm kJ
E PE
t
 
  
          
(3) 
  As seen from the above expression, joining efficiency can be thought of as the 
amount  of  weld  area  (depth  by  length)  produced  per  unit  energy.  The  higher  the 
joining efficiency, the more the light energy is used to produce a weld nugget versus a 
heat-affected zone. Although the equation suggests that joining efficiency increases 
with scanning velocity, there is a limit beyond which the keyhole becomes unstable 
due to insufficient energy to maintain metal vapor pressures.
 6 
 
 
  In the case of welding thin metal foils, higher joining efficiencies are desired in 
order to minimize energy input into the material and distortion. In keyhole welding, 
effective  coupling  of  laser  beam  via  the  keyhole  results  in  much  higher  joining 
efficiencies than in conduction welding. In this study, the joining efficiency of laser 
keyhole welds was used in part to determine the desired laser welding parameters.
 
2.3. Melting ratio 
  In order to decide what laser parameters are required for a specific application, it is 
necessary to understand the welding process capabilities and limitations. One of the 
limitations  which  must  be  considered  in  laser  welding  is  the  energy  loss  due  to 
reflection and heat conduction into the material. The melting ratio is defined as the 
proportion of energy input needed to melt the volume of weldment in the fusion zone.  
This quantity includes the energy transfer and conduction losses and approaches a 
maximum of 48% as explained below [18].   
  Analytical  models  for  a  moving  energy  source  include  solutions  for  a moving 
point source and a moving line source [19, 20]. When welding in keyhole mode, it is 
assumed that a cylindrical molten pool is formed around the keyhole. The keyhole is 
essentially  a  black  body  with  very  high  absorption  characteristics  and  offers 
insignificant surface heat losses. Therefore, a two-dimensional line source is used for 
depicting keyhole welds.   
  A schematic of the keyhole welding process in a lap joint configuration is shown 
in Figure 3:   
 7 
 
 
 
Figure 3: Schematic of a moving line energy source forming a keyhole in laser welding of metal foils 
(lap weld configuration) 
  Based on the energy balance of a line heat source [21]   
0 cos 0 ( ) ( )exp( ) ( )
2
rr
w
P
k Tm T U K U
D
 

              
(4) 
where  k  is the thermal conductivity,  Tm is the melting temperature,  0 T  is the 
ambient temperature, U  is the overall heat transfer coefficient inside a cylinder, and 
0 K  the modified Bessel function (of the second kind of order zero). Based on this 
expression, normalized power (X) was defined as [18]:   
0 () wm
P
X
D k T T

                      
(5) 
  Combining these equations, the following expression for normalized power was 
derived:  
0
'
0
0
()
2 exp
()
()
rr
r
r
U K U
KU
X
KU



 
                
(6) 
An expression for the normalized scanning velocity was developed as: 
Surface weld width
Scanning Velocity 
(mm/s)
Weld Depth Keyhole
Laser beam8 
 
 
2
ws
ws
VW
Y U W


  
                  
(7) 
where Y  is the normalized scanning velocity,  ws W  is the weld width at the surface 
of  the  weldment,  and     is  the  thermal  diffusivity  of  material.  Calculating  the 
maximum  width  of  a  parabolic-shaped  melt  pool,  the  following  expression  was 
derived[18]:  
1/2 2
0
'2
0
()
41
()
r
r
r
KU
YU
KU

 
                 
(8) 
  Solving equations 6 and 8 analytically and eliminating r U , Swift-Hook and Gick 
[18] derived the following relationship at high scanning velocities:  
1/2
2
0.483 Y X X
e 
    

                (9) 
  They defined the melting ratio   as the ratio of the normalized scanning velocity 
to the normalized power:   
Y
X
 
                        
(10) 
  From equations 9 and 10, Swift-Hook and Gick proposed that the melting ratio for 
laser welding at high scanning velocities approaches a limit of 0.483 suggesting that 
the theoretical fraction of input energy needed to melt the weldment in the fusion zone 
is 48.3%.   
2.4. Laser keyhole welding of metal foils 
  The laser welding of thin sheet metals requires the use of low heat input to avoid 
large thermal gradients and material distortion.  Laser welding with a smaller spot size 
can reduce the energy input into the workpiece by increasing the local intensity of the 
beam producing high power densities. Fiber lasers, with their superior beam quality 9 
 
 
and  low  divergence,  allow  for  spot  sizes  that  are  significantly  smaller  than  those 
created by conventional lasers all within a smaller industrial footprint [22]. The high 
power densities on the surface of the weldment enable keyhole formation and higher 
aspect ratio welds at lower energy input. As a result, high aspect ratio welds (depth to 
width) with minimal heat-affected zones can be achieved with fiber lasers across a 
wide range of materials [23, 24].   
  As  mentioned  above,  the  laser  welding  of  heat  exchanger  reactors  made  of 
stainless and  aluminum was demonstrated by T. Klotzbücher et al. [10]. A high power 
Nd: YAG laser was used to weld stack of microchannel metal plates, coated with 
catalysts. Mechanically-stable reactors were fabricated with minimum heat affected 
zone due to higher scanning velocity used for the process. The possibility of laser 
welding light-weight structures with minimum deformation was examined by Li and 
Gobbi [25]. Metal sheets of superalloys, titanium alloys, aluminum alloys, and carbon 
steel with thickness from 0.5 to 8 mm welded using a 2.5 kW CO2 CW laser. As 
expected  they  found  that  laser  welding  by  providing  high  aspect-ratio  weld  bead 
enables  light-weight  structures  welds  with  low  distortion  and  high  mechanical 
properties.  
  Other work has been performed in the laser welding of thin stainless steel foils. A 
100W fiber laser was used by Kong et al. [26] for welding 316 stainless steel plates to 
examine the effects of laser power, working distance, and scanning velocity. They 
observed that the penetration depth is highly sensitive to power and working distance 
parameters.  The  joining  efficiency  was  also  found  to  increase  by  increasing  the 
scanning velocity.  Park et al. [27] used a single mode fiber laser with an output power 
of 40W to investigate the welding of ultra-thin metal foil  (SS 304, thickness: 10-
60μm).  As  expected,  they  found  that  increasing  weld  depth  was  achieved  with 
decreasing velocity for a power of 40W. Du et al. [28] studied the weld depth for 
maximum weld strength in lap welding of 100μm thick stainless steel sheets using a 10 
 
 
geometrical model. They found that the weld bead geometry highly influences the 
weld strength. Q-switched Nd: YAG Laser welding of 60μm thin foils of 304 stainless 
steel was performed by D. P'ng and P. Molian [29] and compared with resistance seam 
welding. They found that the laser welding enables 3x less heat input into the material 
with 50% narrower weld width. Okamoto et al. [30] investigated the welding of thin 
metal sheets (25 µm thick stainless steel)  by high speed scanner system with a single-
mode fiber laser.  They found that overlap welding of 25 µm thick stainless steel was 
possible with a spot size of 22 µm.  They also determined the energy density required 
to reach a full weld depth (through both sheets).  To reduce the distortion in welding 
of thin sheet metals, a combination of minimum spot size (22 µm) and high scanning 
velocity was found to be advantageous for thin metal sheet welding.   
  Prior work has been performed in the laser welding of thin refractory metal foils.  
The process parameter for laser welding of AISI 416 stainless steel in  an overlap 
configuration was optimized by Khan et al. [31] and the optimal range of parameters 
that minimized the weld width and maximized the weld depth and weld shearing force 
was determined.  Laser power and speed were found to be the most important factors 
that affected the weld bead as well as the shearing force.  Petesch and Robin [32] 
studied the laser welding of 7 mm thick 304 L stainless steel as well as nickel sheets of 
500 µm and 1 mm in thickness. Laser parameters such as power, scanning velocity, 
and spot size were investigated using a 1000 W continuous wave CO2 laser. They 
found that laser welding is possible when energy input and spot size are carefully 
controlled. They also found the precision of workpiece fit-up as a drawback in the 
laser welding process. Using a 3kW Nd:YAG laser, butt welding of a 5 mm thick 
K418  cast  nickel-based  super  alloy  was  conducted  by  Pang  et  al.  [33].  Higher 
microhardness and HAZ of the welded seam was obtained when compared to the base 
metal. Liu et al. investigated the mechanical properties of weld joint of Ni-based cast 
super alloy K418 and alloy steel 42CrMo applying a 3kW  Nd: YAG laser. Weld 11 
 
 
strength of 88.5% of the strength of the base material was achieved for a partial weld 
depth (not through the second layer).  
  Despite these past research efforts, no efforts have been made to develop a general 
approach to parameter selection for the use of laser keyhole welding in a microchannel 
lamination architecture. Further, no attempt has yet been made to incorporate laser 
welding within a microchannel lamination architecture using nickel superalloys.  In 
this paper, efforts are made to evaluate the feasibility of using laser welding in the 
microchannel lamination of a high-temperature counter-flow heat exchanger made of a 
nickel superalloy. A model is developed and validated for predicting the weld strength 
of a lap joint based on process parameters and material properties. This model is used 
to  understand  the  implications  of  parameter  selection  on  thermal  warpage  and 
hermeticity.  The most acceptable parameter set is used to demonstrate the fabrication 
of a Haynes 214 microchannel array.   
3.  Model Development 
  The approach taken in this study was to evaluate input parameters based on both 
economics  and  quality.  From  a  cost  perspective,  the  objective  function  involves 
maximizing laser scanning velocity. From a quality perspective, the objective involves 
minimizing  the  size  of  the  bond  line  while  providing  hermeticity  without  thermal 
distortion. Below, a model is developed to predict the weld strength as a function of 
weld bead geometry, thermal properties of the material and laser operating parameters 
including  laser  scanning  velocity.  Model  parameters  are  developed  for  the  laser 
welding of a Haynes 214 superalloy using a single-mode, CW, Yb-fiber laser.     
  Below, a weld depth model is derived based on the energy needed for keyhole 
welding.  This  is  followed  by  models  for  estimating  the  weld  aspect  ratio,  joining 
efficiency, interface weld width, and shear stress at the weld nugget under a given 
load.   12 
 
 
3.1. Weld geometry 
  Figure 4 shows a schematic of a transverse section of a keyhole weld in a lap joint 
configuration.   
 
Figure 4:  Schematic diagram of a transverse cross-section of a keyhole weld 
  Weld aspect ratio is a key parameter for predicting weld strength.  From equations 
5, 7, and 10 above, the weld depth can be expressed as:  
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  The weld aspect ratio,  , is defined as:  
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Substituting equation 11 into equation 12, weld aspect ratio can be expressed as: 
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  Based on prior investigations, the transition from conduction welding to keyhole 
welding is understood to be when the weld depth is greater than the surface weld 
width [22], i.e.  
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  1                             (14) 
  From equations 13 and 14, the power P needed to ensure welding in keyhole mode 
would be   
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  Substituting equation 1 into equation 15, the required energy input which ensures 
welding in keyhole mode would have to satisfy the following inequality:   
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3.2. Weld strength 
  When the keyhole mode is dominant, the weld is characterized by  a parabolic 
geometry as shown in Figure 4.  With parabolic geometry, the weld width at the top of 
the weldment and at the interface of the foils can be calculated from the following 
equation [28]:   
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where  wi W  is the weld width at the interface of the foils and  s t  is the foil 
thickness.  Defining   as the ratio of foil thickness to the surface weld width, we have  
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From equations 12, 17 and 18, the interface weld width can be estimated as 
follows:   
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  Also, from equations 13 and 19, for an interface weld width greater than zero, the 
ratio of foil thickness to surface weld width needs to satisfy the following condition:  
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  The shear stress at the bonding area under a load F can be calculated from the 
following equation:   
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where  B    and  w L  are the shear stress and weld length, respectively.   
  Relating  the  shear  stress  in  equation  25  to  the  weld  width  at  the  interface  in 
equation 23, the shear stress at the bonding area can be estimated as follows:   
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  Using the load at yield in equation 22, the shear yield strength of the weld will be 
given by  
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4.  Experimental Approach 
4.1. Model validation 
4.1.1.  Melting ratio 
  In order to estimate the energy loss and proportion of energy input needed for 
keyhole elongation, the melting ratio for fiber laser welding of the Haynes 214 Ni 
superalloy  was  determined.  A  thin  foil  of  nickel  superalloy  (Haynes  214)  with  a 
thickness of 300 µm was selected as the base material for all subsequent studies not 
involving weld strength testing.  Haynes 214 has the following composition: Ni-75, 
Cr-16, Al-4.5, Fe-3, Mn-0.5, Si-0.2, Zr-0.1, C-0.05, B-0.01, and Y-0.01. Haynes 214 
is  oxidation  resistance  at  high  temperatures  and  able  to  withstand  long-term 
continuous exposure to combustion gases at temperatures up to 1260°C.   
 
Figure 5: Haynes 214 test article used in the experiments 
  Metal foils were cut into coupons of 29 mm by 29 mm. Perimeter welding were 
produced on each test article as shown in Figure 5.  Different combinations of power 
and scanning velocity (summarized in Table 1) were selected over a range of feasible 
operating parameters that produce an acceptable weld joint and welds were carried 
out.  The experimental melting ratios were plotted and compared with the theoretical 
ratio.  
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Table 1: Welding conditions used in early experiments 
 
4.1.2.  Weld geometry 
  In this experiment, a wide range of laser parameters (welding conditions and test 
article  same  as  section  4.1.1)  were  selected  in  order  to  investigate  the  parameter 
schemes that give partial (into second foil) to full (through second foil) weld depth. 
Several  welds  were  carried  out  at  different  combinations  of  power  and  scanning 
velocity. Welds with depths greater than the foil thickness were considered bonded.  
Bonded and unbonded conditions were plotted and compared with the estimation line 
(Equation 11). Also, the desired weld geometry and laser operating parameters for 
keyhole formation were investigated and the keyhole transition mode suggested by the 
model validated in this section.  
4.1.3.  Weld strength 
  In this study, lap shear tests were conducted to examine the relationship between 
weld geometry and weld strength for comparison with the weld strength model. A 
schematic diagram of the specimen used for lap shear test is shown in Figure 6.  17 
 
 
 
Figure 6: Schematic diagram of the specimen for lap shear test 
  Shims that were 5 mm in width and 20 mm in length were used as test coupons.  
The coupons were cut from foils as-received using Wire EDM. The ultimate tensile 
strength of the base material (Haynes 214) at room temperature is 995 MPa, with a 
yield strength of 605 MPa.  Therefore a plastic deformation is expected at a stress of 
about 605MPa, while the fracture occurs at a stress of about 65% greater than yield 
strength. 
  A weld length of 3 mm was designated to reduce the weld nugget area and to 
decrease the load required to fracture them; this lowers the risk of fracturing in the 
base  material.  As  shown  in  Figure  5,  the  foils  were  bonded  at  the  center  of  the 
overlapped area perpendicular to the load in shear test.   
  Tests were conducted at ambient temperature on an Instron 5969 universal testing 
machine with a load cell of 30kN. The tension speed was kept constant with a ramping 
rate of 0.1mm/min, and the load at yield for each specimen was measured.  The results 
were analyzed based on the relationship between laser parameters, energy input, weld 
bead geometry, and withstanding loads.   
5mm
20mm
3mm
Shim thickness=300µm
5mm
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4.2. Parameter selection 
  In order to narrow down the operational parameters predicted and validated by the 
weld  strength  model,  the  desired  region  of  power  and  scanning  velocity  was 
examined. A set of experiments was established to investigate the effect of power 
level on joining efficiency for a given ratio of power and velocity providing the same 
energy input (test article same as section 4.1.1). Based upon the findings above, the 
power was fixed at the maximum of 1000 W and the corresponding range of scanning 
velocities that produced weld depths between 300 and 600 μm were used.  The model 
suggested a range of scanning velocities between 500 to 1000 mm/s to obtain these 
weld depths.   
  Laser welding was carried out for all combinations of power and scanning velocity 
(at 100 mm/s increments). The keyhole stability and heat affected zones of the welds 
were analyzed using metallography and correlated with joining efficiencies and weld 
bead geometries. From these results, three levels of scanning velocity — 600, 700, and 
800 mm/s — were selected for subsequent experiments.   
4.3. Application parameters 
  In order to monitor and control the welding process, it was essential to identify the 
critical  requirements  for  the  specific  application.  The  service  requirements  of  the 
application indicate what defects are important and need to be controlled [11]. Since 
microchannel height was the most important dimensional parameter, poor fit-up due to 
workholding and weld crown was expected to be a critical factor [11]. Consequently, 
clamping pressure was considered as an independent factor in addition to the scanning 
velocity. Weld crown and gap were used to evaluate fit-up.   
  In order to select the desired parameter set for making the device, a full factorial 
experiment  (3
2)  was  used  to  investigate  weld  defects  and  the  effect  of  clamping 
pressure on weld bead geometry.  For each combination of velocity (600, 700 and 800 
mm/s) and clamping pressure (20, 40 and 60 psi), the welding process was executed 19 
 
 
with 3 replications (same test article as section 4.1.1) and cross sectional analyses 
were applied.   
4.4. Experimental protocol 
4.4.1.  Effective working distance 
  In the laser welding of metal foils, immediate formation of keyhole is essential to 
avoid  unnecessary  heat  transfer  into  the  workpiece  due  to  low  absorption.  Higher 
power  density  accelerates  the  formation  of  keyhole  that  offers  extremely  high 
absorption.  In  this  section,  the  effective  working  distance  which  provides  the 
maximum possible power density was investigated.  
  A single-mode 1000W, CW, Yb-fiber laser (Rofin-FL 010 S) with an emission 
wavelength of 1080 nm and a beam quality of 0.4 mm-mrad was used for welding 
foils of nickel superalloy. The collimated laser beam was focused onto the workpiece 
using a lens with a calculated focal length of 163 mm (Figure 7) and a theoretical 
depth of field of 1.14 mm.   
 
Figure 7: Schematic diagram of focused beam at focal plane. (Φc = fiber optic core diameter, 
fc=collimator focal length, f = focal length, and Zeffective is effective depth of field) 
  Weld depths were investigated for a range of effective working distances. Laser 
welding of specimens was carried out at several defocused positions by varying the 
working distance in the range of ±600 µm at fixed laser parameters of 1000 W and 20 
 
 
600 mm/s.  Figure 8 shows the weld depth as a function of distance from the focal 
plane i.e. 163 mm working distance. As expected, welding at the focal plane gave rise 
to the largest weld depth and highest efficiency. A theoretical useful depth of field of 
1.14 μm was calculated as the range in which the minimum beam waist and highest 
possible intensity is delivered on the workpiece.  It is observed that, when welding 
beyond the theoretical depth of field, the weld depth significantly decreased due to 
defocusing of the laser beam.     
 
Figure 8: Weld depth at different focus position (focal length: 163mm) 
4.4.2.  Experimental setup 
  The collimated laser beam was focused on the workpiece using a lens with a focal 
length of 163 mm and a useful depth of field of 1.14 mm. This optical arrangement 
delivered a theoretical spot size of about 28 μm at the focal plane. The delivered spot 
size on the workpiece provides a theoretical power density of about 1.6×10
12 wm
-2 at a 
maximum  available  power  of  1000  W.  The  fiber  laser  combines  superior  beam 
quality,  a  small  spot  size  and  a  large  effective  working  distance  leading  to  good 
process repeatability at high power densities and large work envelopes. The emitted 
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wavelength of 1080 nm offers higher absorption by metals compared to the longer 
wavelengths of CO2 lasers.   
 
Figure 9: Physical set-up used to perform laser welding experiments. (Clamping device courtesy of 
Mark McGuire and Sam Brannon) 
  The laser beam moves via a galvanometer scanner which offers very high scanning 
velocities.  To  minimize  thermal  distortion  and  provide  good  fit-up  between  the 
laminae, the laminae were clamped between two aluminum plates with 27.4 × 27.4 
mm windows centered in the plate to allow for beam access to the laminae. A weld 
offset of 1 mm from the edge of the aluminum windows was used allowing the clamp 
to act as a heat sink [34]. As a result, the heat input into the workpiece was minimized.  
After welding, metallography and lap shear testing were carried out to evaluate the 
weld joints.   
4.4.3.  Repeatability and reproducibility 
  The  repeatability  and  reproducibility  (R&R)  of  the  process  was  analyzed  by 
experimentation. A two-factor, three-level factorial experiment was conducted using 
three  setups  and  three  operators.  The  operators  setup  the  same  workholding  and 22 
 
 
working distance three different times and three replications were performed for each 
condition leading to a total of 27 welds. The experiment was executed at a fixed level 
of power and scanning velocity (1000 W, 700 mm/s). Weld depth was measured and 
used to evaluate R&R. Prior to each set of experiments, the working distance was 
recalibrated.  
  The analysis of variance is summarized in Table 2. Since all p-values are greater 
than 0.05, these factors do not have a statistically significant effect on weld depth at 
the 95.0% confidence level.  
Table 2: Analysis of variance repeatability and reproducibility studies 
 
 
  The ANOVA table suggests a repeatability variance component of 23.3μm. The 
variance components of both setup and operator suggest a reproducibility of 7.57μm. 
Thus, a total gauge variance of 30.86μm provides a coefficient of variation of 1.16% 
for a weld depth of 480μm which expresses a good gauge capability. 
  To examine the adequacy of the model, normal probabilities of residuals as well as 
residuals versus fitted values were plotted in Figure 10 and 11. The residual plots do 23 
 
 
not identify any concerns with the normality and variance equality and validates the 
assumptions for the model errors. 
 
Figure 10: Normal probability plot of residuals  
 
Figure 11: Plot of residuals versus fitted values  
4.5. Cross sectional analyses 
  Cross sectional analyses were conducted to investigate the weld depth, weld bead 
geometry and bondline, and also to characterize the dimensions of defects such as 
weld  gap  and  weld  crown.  The  experimental  results  were  analyzed  based  on 24 
 
 
correlations  between  process  parameters  (power,  scanning  velocity,  clamping 
pressure) and the observed defects.   
 
Figure 12: Mounted specimen was cut (left), polished and etched (right) for analysis via optical 
microscopy. 
  After  welding,  the  surface  weld  widths  of  the  specimens  were  inspected.  The 
specimens were then mounted with epoxy and cut perpendicular to the weld line with 
a low speed diamond cutting disk. Following this, the cross sections of welded foils 
were  ground  and polished up  using a  final  grain size of 1 µm  and etched with  a 
chemical  etchant  as  shown  in  Figure  12.  The  transverse  cross  sections  were  then 
examined using optical microscopy. An optical image of a typical transverse cross 
section of a weld is shown in Figure 13.   25 
 
 
 
Figure 13: Dimensions of a transverse weld cross section examined by optical microscope 
5.  Model Validation 
5.1. Melting ratio 
  A wide range of laser parameters were selected to investigate the practical melting 
ratio for the fiber laser welding of Haynes 214. These results were compared with the 
theoretical limit of 48.3% by calculating the experimental melting ratio for each set of 
conditions using the thermal properties of Haynes 214 and data from the experimental 
results. Table 3 summarizes the thermal properties of nickel superalloy (Haynes 214) 
at melting temperature.  The experimental melting ratios for the Haynes 214 welds are 
plotted and compared with the theoretical ratio in Figure 14.   
Table 3: Thermal properties of Nickel superalloy (Haynes 214) 
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  As shown in Figure 14, an average experimentally-derived melting ratio of 46.2% 
was  obtained  which  compares  favorably  with  the  theoretical  limit  of  48.3%.  This 
suggests an efficient laser welding setup. Based on these results, the theoretical limit 
of 48.3% was used as the melting ratio in calculations below.   
 
Figure 14: Melting ratio of fiber laser welding of nickel superalloy (Haynes 214) 
5.2. Weld Geometry 
  By placing the focal plane at the top surface of the workpiece, several welds were 
carried out at different combinations of power and scanning velocity to find the weld 
region which gave a partial to full weld depth. Figure 15 shows the laser operating 
conditions  under  which  foils  were  bonded.  The  specimen  was  considered  bonded 
when a weld depth greater than the foil thickness was obtained and the gap between 
the foils was bridged.   
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Figure 15: Conditions under which foils did and did not coupled 
  Accurate estimation of bonding region was observed and most of the experimental 
data  fall  under  the  region  indicated  by  the  estimation  model  (Equation  11).  It  is 
suggested in the figure that the operational area increases as the power increased.  At 
the maximum power of 1000 W, foils were coupled even at scanning velocities higher 
than 800 mm/s. This offers the opportunity of welding at extremely high scanning 
velocities, which in turn can lead to significant reduction in energy input.   
  The surface weld width as a function of energy input for Haynes 214 is plotted in 
Figure 16. The results are in good agreement with the model (Equation 16).  The plot 
suggests that the amount of energy needed to form a keyhole increases non-linearly 
with the weld width. This is consistent with the Gaussian nature of the laser beam. 
Cross-sections of three conditions above, below and on the boundary line are shown in 
Figure 16.  Conditions 1 and 2 show aspect ratios much greater than and nearer to 
unity is formed when energy input beyond that predicted in the model is provided.  
Despite a high energy input for condition 3, the keyhole is not formed and conduction 
welding is dominant due to welding at lower power density.  28 
 
 
 
Figure 16: Surface weld width as a function of energy input  
  Based on these results, the model was used to develop a plot (Figure 17) of the 
surface weld width as a function of scanning velocity at different levels of laser power 
for Haynes 214. The plot helps to identify the power and scanning velocities needed 
for keyhole welding based on a desired weld width. The figure shows that welding at 
higher power enables higher scanning velocities.   29 
 
 
 
Figure 17: Welding mode recognition by surface weld width and laser parameters 
  Figures 18 and 19 provide charts for estimating the weld depth and weld aspect 
ratio as a function of scanning velocity and laser power for fiber laser welding of 
Haynes 214. Figure 18 illustrates that, for a given depth, welding at higher powers 
allows reduction of energy input into the material and as a result the avoidance (or 
minimization) of warpage. This phenomenon can also be validated by analyzing the 
joining efficiency of the experimental results (discussed below).   30 
 
 
 
Figure 18: Estimated weld depth for a combination of laser power and scanning velocity. 
 
Figure 19: Estimated weld aspect ratios at a fixed power of 1000 W. 
5.3. Weld strength 
  To investigate the effects of weld bead geometry on weld strength, a lap shear test 
was carried out. Lap shear tests were conducted and strength and interface weld width 31 
 
 
of the welds were measured and compared with the weld strength model. The interface 
weld width as a function of scanning velocity is plotted in Figure 20.  
 
Figure 20: Interface weld width as a function of scanning velocity at maximum power of 1000W 
  The  samples  processed  at  800  mm/s  showed  signs  of  keyhole  instability  i.e. 
discontinuous welding (as seen in Figure 26). The interface weld width was larger 
than expected when the scanning velocity was increased to 800mm/s. Figure 21 shows 
cross-section of samples processed at 700 and 800mm/s.   
   
Figure 21: Cross section of a sample processed at 1000W and 800mm/s 
  When welding at higher velocities, surface weld width decreases, therefore for an 
increase in interfacial width the model (equation 17) suggests that there is a significant 
reduction in weld depth. The experimental results show a decrease of about 100μm in 
weld depth when the scanning velocity increased from 700mm/s to 800mm/s, while 
the decrease in surface weld width was about 35μm. So an increase of about 19μm in 32 
 
 
interface weld width was obtained. This can be explained by the fact that the keyhole 
tends to lose its parabolic shape due to the onset of discontinuity. The model and 
experimental  results  gave  support  to  the  phenomenon  of  keyhole  instability  at 
scanning velocity of 800mm/s.  
  As  seen  in  Figure  22  an  interface  weld  width  lower  than  estimation  line  was 
observed when welding at a velocity 600mm/s. The model predicted a weld depth of 
about 500μm. However, in practice a 30μm deeper weld and higher joining efficiency 
was obtained at this velocity. As a result a lower interfacial width was obtained which 
is consistent with the model (equation 17). 
  Weld strength as a function of scanning velocity is shown in Figure 22. In the case 
of  keyhole  stability  the  experimental  results  validate  the  estimation  model.  Weld 
strength of about 95.8% of the base metal yield strength was obtained when welding at 
600 and 700mm/s. When scanning velocity increased to 800 mm/s the weld strength 
deviated  from  the  estimation  line  due  to  keyhole  instability  leading  to  a  variable 
interfacial weld width and lower joining efficiency.  
 
Figure 22:  Weld strength as a function of scanning velocity at maximum power of 1000W 
 33 
 
 
 
  Plot of weld strength as a function of joining efficiency is shown in Figure 23. The 
results gave support to the phenomenon that the lower joining efficiency results in 
lower weld strength. It was observed that beyond a scanning velocity of 700 mm/s 
joining efficiency was decreased which in turn lowered the weld strength. 
 
Figure 23: Weld strength as a function of joining efficiency 
  In order to evaluate the interfacial of the weld, the fracture surface of lap shear 
specimens  were  analyzed  using  scanning  electron  microscopy  (SEM).  A  scanning 
electron micrograph of the fracture surface at a scanning velocity of 600 mm/s is 
illustrated in Figure 24. A continuous weld along the weld line was observed. The 
weld width is almost uniform and minimum variation exists between the weld area at 
the beginning and the end of the weld line. 
 34 
 
 
Figure 24: Scanning electron micrograph of the fracture surface for scanning velocity of 600mm/s 
  The micrograph of the fracture surface for scanning velocity of 800mm/s is shown 
in Figure 25. As expected a considerable discontinuity was observed which suggests 
the keyhole profile has lost its parabolic shape, which is consistent with the cross 
sectional  analyses  (Figure  21).  This  can  explain  the  decrease  in  weld  strength 
discussed above. 
 
Figure 25: Scanning electron micrograph of the fracture surface for scanning velocity of 800mm/s 
6.  Parameter selection 
  As  discussed  in  earlier  sections,  during  the  welding  of  thin  metal  foils,  it  is 
essential to minimize the heat input into the workpiece while maintaining the quality 
and efficiency of the weld. In this study, the energy input and joining efficiency of 
welds are carefully investigated to determine the weld region which provides higher 
joining efficiency with minimum energy input.   35 
 
 
6.1. Joining efficiency 
  As discussed in Section 2.2., the joining efficiency (JE) is defined as the amount of 
weld area (depth by length) per unit energy.  It is expected that the higher the joining 
efficiency, the less heat will be dissipated into the metal adjacent to the weld. This is 
important for microchannel lamination in which thermal distortion must be minimized.  
JE can be estimated by combining equations 2 and 11 as following:   
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  Also, from equation 16 the required joining efficiency when welding in a keyhole 
mode can be estimated by the following inequality:   
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  In Figure 26, the joining efficiency is plotted as a function of energy input. The 
results  are  divided  into  three  categories  based  on  the  laser  power  used.  The  plot 
suggests that welding at the highest power level (700 to 1000 W) provided welds with 
higher joining efficiency and lower energy input compared to the two lower power 
levels.   36 
 
 
 
Figure 26: Joining efficiency as a function of energy input at different range of powers 
  These results confirm those of the weld depth model in Figure 18 which suggests 
that deeper penetration is possible at lower energy input when power is maximized.  
As shown in Figure 27, the weld depth model suggests that scanning velocities in the 
range of 500 to 1000 mm/s could produce weld depths between 300 to 600 μm which 
corresponds to energy inputs in the range of 1 to 2 J/mm.   
 
Figure 27: Weld depth estimation for a combination of power and scanning velocity 37 
 
 
  To further investigate the above finding, the range of power was altered from 600 
to 1000 W, and the ratio of power to speed was kept constant by varying the scanning 
velocity. These experiments were carried out at three different energy inputs as shown 
in Table 4. 
Table 4: Combinations of power and speed which deliver same energy input  
 
  Figure 28 shows the joining efficiency of the welds as a function of energy input.  
As  seen  in  prior  experiments,  the  highest  joining  efficiencies  corresponded  to  the 
highest power level of 1000 W for all three energy inputs. Higher powers allow for 
higher scan speeds which reduces the time scale for heat transfer into areas adjacent to 
the weld. Therefore, more energy was available for deeper weld penetration.   
  Another trend in the data is that the joining efficiency was highest at an energy 
input of 1.43.  At lower energy inputs where scanning speeds are higher and therefore 
less energy is  put  into the weld, this  could  suggest  either keyhole instability or  a 
smaller  keyhole  which  would  reduce  the  efficiency  of  laser  light  coupling  to  the 
material.  At an energy input of 1.67, scan speeds are much lower suggesting that there 
was more time for heat conduction out of the zone. 38 
 
 
 
Figure 28: Joining efficiency as a function of energy input for the conditions shown in Table 4. 
6.2. Keyhole instability 
  According  to  findings  in  prior  sections,  the  process  conditions  should  be  at 
maximum input power and moderate scan speeds. Too fast of a scan speed produces a 
keyhole instability which significantly reduces coupling efficiency of the beam to the 
material. 
  To investigate the keyhole instability, a series of welds were made  at 1000 W 
using  the  scanning  velocities  suggested  by  the  estimation  model.  Weld  bead 
geometries were investigated and the weld depth as a function of scanning velocity at 
a fixed power of 1000 W is plotted in Figure 29. Accurate estimation of the weld 
depth is observed at scanning velocities less than 1000 mm/s.  At the highest velocity 
of 1000 mm/s, the weld depth is on the order of foil thickness (300 µm). This may 
suggest an interaction with the weld gap.   39 
 
 
 
Figure 29: Weld depth as a function of scanning velocity at fixed power of 1000W 
  Representative weld cross sections are shown in Figure 30. The parabolic shape of 
the weldment at velocities of 600 and 700mm/s suggest efficient keyhole formation. 
The cross-section at 500 mm/s is likely influenced by full weld penetration through the 
second  foil.  Discontinuities  resulted  when  welding  at  velocities  of  800  mm/s  and 
beyond. It can be observed that the keyhole geometry began to lose its parabolic shape 
for scanning speeds of 800 mm/s and beyond.   
 
Figure 30: Transverse cross section of welds at fixed power of 1000 and velocities from 500 to 1000 
mm/s 
P=1000 W ,  V= 800 mm/s P=1000 W ,  V= 900 mm/s P=1000 W ,  V= 1000 mm/s
P=1000 W ,  V= 700 mm/s P=1000 W ,  V= 500 mm/s P=1000 W ,  V= 600 mm/s40 
 
 
  To further investigate the keyhole instability, a joining efficiency analysis was 
performed which is described below. Experimental weld depth versus energy input is 
plotted in Figure 31. As predicted by the weld depth model, it was found that an 
energy input of more than 1 kJ/mm was necessary for the weld to penetrate into the 
second foil. As also predicted, an energy input of about 2 kJ/mm was necessary for 
full weld depth penetration.   
 
Figure 31: Weld depth as a function of energy input at fixed power of 1000W   
  Using these results, the joining efficiency is plotted as a function of scan speed in 
Figure 32. Scanning velocities of 600 and 700 mm/s provided the highest JEs. JE was 
slightly  decreased  at  a  velocity  of  500  mm/s.  This  is  likely  due  to  more  heat 
conduction  into  the  material  adjacent  to  the  weld.  In  addition,  the  deeper  weld 
penetration may cause accelerated convection below the weld. At velocities higher 
than 800 mm/s, the joining efficiency was significantly decreased.  This was attributed 
to keyhole instability as evidenced by weld discontinuities at the interface of the weld 
(Figure 25).  However, this could also have been influenced by convection at the weld 
gap. 
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Figure 32: Joining efficiency as a function of scanning velocity at fixed power of 1000 W  
  Figure  32  provides  some  implications  for  microchannel  lamination.  First,  to 
maximize dimensional integrity of the microchannels, it is important that the scan 
speed be fast enough to minimize thermal warpage caused by heat conduction into 
metal regions adjacent to the weld.  Second, to ensure hermeticity, it is important that 
scan speeds are not high enough to cause keyhole instability.  
  Third,  Figures  31  and  32  provide  some  insight  into  a  criterion  for  parameter 
selection  for  microchannel  lamination.  In  Figure  31,  linear  regression  of  the 
experimental  data  shows  a  very  high  coefficient  of  determination  (R
2)  of  97% 
suggesting that the joining efficiency (JE) is fairly constant for weld depths beyond the 
depth of the first foil.  Figure 32 shows that JE is the highest halfway into the second 
foil.  This may be due to the convective surfaces at either the top or the bottom of the 
second foil which accelerate the keyhole instability at high scan speeds and thermal 
convection  at  low  scan  speeds.  Regardless,  interpolating  the  experimental  data  in 
Figure 32, a minimum energy input of about 1.06 kJ/mm is necessary for a weld depth 42 
 
 
greater than the foil thickness (300μm).  The JE at the top, middle and bottom of the 
second foil are 283, 315 and 296 mm
2/kJ, respectively. Using the weld depth model, 
the JE was found to be 324, 309 and 304 suggesting an average experimental error of 
5.7%. This suggests that to ensure good joining efficiency, a weld depth criterion of 
halfway into the second lamina can be used in conjunction with the weld depth model 
to determine the proper scanning speed at maximum power. 
6.3. Application parameters 
  Since microchannel height was the most important dimensional parameter, poor 
fit-up  due  to  workholding  and  weld  crown  was  expected  to  be  a  critical  factor.  
Consequently, clamping pressure was considered as an independent factor in addition 
to the scanning velocity. Weld crown and gap were used to evaluate fit-up.   
  A full factorial  experiment  was developed to  finalize a set  of parameters. The 
experimental factors and response variables are summarized in Table 5 and 6. Three 
levels of scanning velocities were selected at a fixed power of 1000W along with three 
levels of clamping pressure. As shown in Table 6, a set of response variables were 
developed  corresponding  to  the  application  requirements  to  assess  the  welding 
conditions. 
Table 5: The experimental factors to be varied. 
 
 
 
 
 
 43 
 
 
Table 6: Response variables to be measured. 
 
6.3.1.  Weld geometry 
  Weld cross-sections are shown in Figure 33 at different combinations of scanning 
velocity and clamping pressure. 
 
Figure 33: Cross-sectioned transverse of welds at different combinations of scanning velocity and 
clamping pressure 44 
 
 
  To statistically test  the  effects  of experimental  factors,  an analysis of  variance 
(ANOVA) was applied to determine the significant parameters for each response. The 
residual plots did not identify any concerns with the normality and variance equality 
for all the responses and validated the assumptions for the model errors.  
  The analysis of variance for weld depth is summarized in Table 7. Since the p-
value of scanning velocity is less than 0.05, this factor has a statistically significant 
effect on weld depth at the 95% confidence level. The effects of clamping pressure 
and the interaction of scanning velocity and clamping pressure on weld depth are not 
significant.   
Table 7: Analysis of variance for weld depth 
 
  The weld depth as a function of clamping pressure is plotted in Figure 34. As 
expected lower scanning velocities provide higher weld depths. At velocities of 600 
and 700mm/s the weld depth decreases as the clamping pressure increases. A weld 
depth of about 75% of the thickness of the second foil was obtained when welding at a 
600mm/s velocity.  45 
 
 
   
Figure 34: Plot of weld depth as a function of clamping pressure  
  When the velocity is increased to 700 mm/s a decrease of 15% in weld depth 
(75μm) was observed. It was also observed that welding at lower clamping pressure 
enables higher weld depth when a stable keyhole is formed which in turn provides 
higher joining efficiency.  
  The ANOVA tables for surface weld width, weld aspect ratio, and interface weld 
width (Tables 8-10) show that all p-values are less than 0.05, thus both factors and 
their interaction have a statistically significant effect on these responses at the 95.0% 
confidence level.   
Table 8: Analysis of variance for surface weld width 
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Table 9: Analysis of variance for weld aspect ratio  
    
Table 10: Analysis of variance for interface weld width  
 
 
Figure 35: Interface weld width as a function of scanning velocity  
  Interfacial weld width as a function of scanning velocity is plotted in Figure 35. It 
was  observed  that  as  the  clamping  pressure  increases,  the  interface  weld  width 
increases and deviates from the model estimation. As shown in Figure 39, weld gap 
increased with  increasing clamp  pressure which was  unexpected.  This was likely 47 
 
 
caused  by  the  clamping  arrangement  where  elastic  deformation  under  the  platen 
caused elastic deflection adjacent to the platen leading to poor fit-up in the weld path 
which was offset by 1 mm from the platen.  Consequently, the weld widths were larger 
for the 60 psi samples as the weld pool in a liquid state during processing began to fill 
some of the weld gap.  This is also the case for all samples processed at a scanning 
velocity of 800 mm/s.  Consequently, the effect of clamping pressure was not found to 
be significant on interfacial weld width at 800 mm/s. Also an interfacial width greater 
than  estimation  line  was  obtained  at  800mm/s.  As  discussed  in  section  5.3.  the 
discontinuity appears at this velocity and keyhole tends to collapse which in turn leads 
to increase in interfacial width.  
6.3.2.  Weld Strength 
  The ANOVA table for the weld strength (Table 11) shows that all the p-values are 
less  than  0.05;  as  a  result  these  factors  and  their  interaction  have  a  statistically 
significant effect on the weld strength at the 95.0% confidence level. 
Table 11: Analysis of variance for weld strength  
 
  The weld strength as a function of scanning velocity is plotted in Figure 36. Lower 
clamping pressures were found to provide higher yield strength. As discussed in the 
prior section, lower pressures enabled better fitup during welding.  Poor fitup has the 
potential to cause more gas voids and more convection at the weld centerline leading 
to  keyhole  instability.  Both  could  reduce  weld  strength.  Further,  due  to  the  gap 
between the plates, the weld geometry was exposed to additional bending moments 48 
 
 
making the weld mechanically inferior during shear testing.  The lower strengths at 
800 mm/s are also due to poor fitup. 
 
Figure 36: Weld strength as a function of scanning velocity 
6.3.3.  Joining Efficiency 
  The ANOVA for joining efficiency in Table 12 shows that the p-value of scanning 
velocity is less than 0.05; therefore this factor has a statistically significant effect on 
the joining efficiency at the 95.0% confidence level.   
Table 12: Analysis of variance for joining efficiency 
 
  Joining efficiency is plotted as a function of scanning velocity in Figure 37. In the 
case of 600 and 700 mm/s, it was observed that a clamping pressure of 20 psi enables 
higher  JE  and  weld  depth  due  to  better  fitup.  A  significant  decrease  in  JE  was 49 
 
 
observed for a 20 psi clamping pressure at a velocity of 800 mm/s.  This is due to poor 
fitup.   
 
Figure 37: Joining efficiency as a function of scanning velocity 
  The plot of weld strength as a function of joining efficiency in Figure 38 illustrates 
that the strength is maximized when higher joining efficiencies are obtained.   
 
Figure 38: Weld strength as a function of joining efficiency  50 
 
 
6.3.4.  Weld defects 
  The ANOVA tables for the gap between the foils and crown (Tables 13-14) show 
that all the p-values are less than 0.05. As a result, the factors and their interaction 
have a statistically significant effect on the gap and crown at the 95.0% confidence 
level.   
Table 13: Analysis of variance for gap 
 
Table 14: Analysis of variance for crown 
 
 
Figure 39: Gap between foils as a function of clamping pressure 51 
 
 
  A plot of the gap between foils as a function of clamping pressure is shown in 
Figure 39.  As suggested above, this figure demonstrates that lower gaps are found 
clamping pressures of 20 and 40 psi and scanning velocities of 600 and 700 mm/s. As 
mentioned above, this is likely caused by the clamping arrangement  where elastic 
deformation under the platen causes elastic deflection adjacent to the platen leading to 
poor fit-up in the weld path which was offset by 1 mm from the platen.  It is unclear 
why all samples welded at 800 mm/s where found to have large gaps between foils.  
This is not likely due to thermal warpage as the conditions at 800 mm/s would lead to 
less energy input. This may be due to pre-existing warpage in the foil.   
 
Figure 40: Joining efficiency as a function of gap between foils  
  The relationship between joining efficiency and the gap between foils is shown in 
Figure 40. This figure suggests that weld setups with better fitup produce higher JEs.  
It  is  likely  that  more  heat  is  lost  through  convection  at  the  weld  gap  preventing 
efficient keyhole formation and energy transfer.  
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  The plot of crown as a function of clamping pressure is shown in Figure 41. This 
figure demonstrates that crown decreases when welding at higher clamping pressures. 
This  is  a  consequence  of  larger  gaps  at  higher  pressures.  Larger  gaps  become 
reservoirs for liquid weld pools during welding causing the subsequent crown height 
to shrink.  This relationship between crown and gap is highlighted in Figure 42. For 
microchannel  lamination,  weld  hermeticity  is  critical.  For  multilayer  laminations, 
crown would become a fitup problem. The implication of Figure 68, is that crown can 
be controlled through the use  of weld  gap on the centerline.  The alternative is  to 
design around weld crown to ensure good fitup from layer to layer.  
 
Figure 41: Crown as a function of clamping pressure 
 
Figure 42: Crown as a function of gap between foils 53 
 
 
6.3.5.  Desirability 
  The final parameter set was chosen based on the need to create a high-strength, 
hermetic  weld  with  low  thermal  warpage.    Based  upon  the  findings  in  the  prior 
sections, the objective was to minimize the gap while maximizing joining efficiency 
and  weld  strength.  Simultaneous  optimization  technique  of  multiple  response 
variables[35] was performed. The best conditions were found by software to be at 600 
and 700 mm/s and a clamping pressure of 20 and 40 psi.  A summary of the response 
variables  for  these  conditions  is  shown  in  Table  15  and  Figure  43.  A  maximum 
desirability of 65.6% was found at 600 mm/s and 20 psi.  
Table 15: Solutions for combination of factor levels  
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Figure 43: Desirability of the factorial experiment 
7.  Application 
7.1. Test article 
  A test article was designed with a geometry adapted for the application of laser 
keyhole welding to microchannel lamination. The geometry consists of two 29.4 × 
29.4 mm lamina designs each possessing through holes for layer headers and welding 
bosses.  As seen in Figure 44, the bottom lamina provides channel area for fluid flow 
and consists of an embossed perimeter and through holes as the layer header. The top 
lamina is a flat foil with two bosses around through holes for hermetically sealing the 
layer header. To seal the bottom lamina, the periphery of the top lamina needs to be 
welded with a sufficient depth to penetrate halfway into the boss of the bottom lamina.  
The  height  of  the  welding  bosses  provides  for  the  height  of  the  channel  formed 
between each of the two laminae.  Interleaving these two lamina designs between each 
other yields a microchannel half array in that only one side of the array is hermetically 55 
 
 
sealed from ambient conditions. The other side of the array is open to ambient for 
either  counterflow  or  crossflow.  The  laminae  were  produced  using  photochemical 
machining. 
 
Figure 44: Lamina designs for the laser welding test article- left: bottom lamina, right: top lamina.  
(Courtesy of Sam Brannon) 
  Laser operating parameters of 1000W and 600mm/s at a clamping pressure of 20 
psi provides an interfacial width of about 160μm. Thus a total weld area of 32mm2  at 
the periphery of the laminae enables a withstanding load of  18kN before yield, which 
is 36x higher rather than the load at maximum device pressure of 498N.  
7.2. Hermeticity testing 
  In conventional microchannel lamination involving diffusion bonding, the yield of 
the bonding step can become problematic as all of the device must be scrapped if an 
internal  leak  exists  after  bonding.  One  of  the  advantages  of  laser  welding  for 
microchannel lamination is the ability to check each weld after it is made. In this 
paper, an in-process method is introduced for checking the hermeticity of each weld.  
Figure 45shows the apparatus that was used.  In the figure, the laminae stack has two 
inlets and two outlets, three of which are sealed by compression between O-rings with 
the remaining inlet/outlet sealed by an O-ring adjacent to a hermetic interconnect. All 
samples were tested to 80 psi and left to settle for several minutes to allow for the 
inspection of microscopic pin-hole leaks.   56 
 
 
 
Figure 45: Apparatus for leak proof test (courtesy of Sam Brannon) 
7.3. Device fabrication 
  As  seen  in  Figure  46,  an  29.4  x  29.4  mm  hermetic  device  consisting  of  six 
microchannel laminae was successfully produced using the parameter set determined 
above.  A  layer-to-layer  evaluation  of  hermeticity  up  to  a  pressure  of  80  psi  was 
performed after each welding step.  
   
Figure 46: Developed device with three units of microchannels  
8.  Conclusions 
  In this study efforts were made to evaluate the feasibility of using laser welding as 
an alternative bonding technology for microchannel lamination. In the end, a leak-
proof microchannel heat exchanger made of a Ni superalloy was produced. To do so, a 
generic weld strength model was developed and validated for lap weld designs to help 
in  parameter  selection.  Results  show  that  welding  should  be  performed  at  the 
maximum  available  laser  power  with  scanning  velocities  at  the  highest  joining 
efficiency which provides stable keyholes. For lap-welded joints like those needed in 57 
 
 
microchannel  lamination,  this  is  equivalent  to  having  lap  welds  penetrate  roughly 
halfway into the second lamina which is where the highest joining efficiency was 
found in this paper.   
  The weld depth model developed in this paper was used to determine the power 
and a range of scanning velocities for a Haynes 214 alloy based on weld geometry, 
material properties and a process constant called the melting ratio (i.e. the proportion 
of power used to melt the weldment volume in the fusion zone).  In this paper, the 
melting  ratio  for  laser  keyhole  welding  was  confirmed  to  be  a  constant.  An 
experimental melting ratio of 46.2% was obtained which compares favorably with a 
theoretical  limit  of  48.3%  derived  elsewhere.  Process  parameters  predicted  by  the 
weld depth model were used to make a hermetic joint with near-parent-metal bond 
strength and minimal thermal distortion.  
  The fitup between laminae was found to be a significant factor in determining 
welding parameters. Findings indicate that good workholding design is required to 
ensure good fitup for producing good welds.  For a scanning velocity of 600 mm/s and 
a clamping pressure of 20 psi, a maximum desirability of 65.6% was calculated based 
on weld strength, joining efficiency and weld gap results. A hermetic Ni superalloy 
heat exchanger consisting of six microchannel laminae was successfully welded using 
these parameters. An in-process method of evaluating joint hermeticity after each weld 
was demonstrated suggesting the potential for laser welding to provide higher bonding 
yields  over  existing  diffusion  bonding  methods  used  in  current  microchannel 
lamination architectures. 
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